Stable isotope analysis has been utilized in archaeology since the 1970s, yet standardized protocols for terminology, sampling, pretreatment evaluation, calibration, quality assurance and control, data presentation, and graphical or statistical treatment still remain lacking in archaeological applications. Here, we present recommendations and requirements for each of these in the archaeological context of: bulk stable carbon and nitrogen isotope analysis of organics; bulk stable carbon and oxygen isotope analysis of carbonates; single compound stable carbon and nitrogen isotope analysis on amino acids in collagen and keratin; and single compound stable , stable isotope analysis of human tissues, and of faunal and plant remains, have been used to study past diets, ecologies, and environments. More recently, stable isotope analysis of specific compounds has emerged as a more refined tool for studying ancient diet. For example, stable isotope analysis of individual amino acids isolated from bone collagen can be used to determine the proportion of marine versus terrestrial protein in the diet. 2 The application of these methods to specific sites, periods, and regions of archaeological interest is increasingly commonplace and often led by archaeologists. While this democratization is certainly of benefit to the discipline, it comes with an enhanced responsibility on the part of archaeological users and reviewers. Commonly accepted guidelines in archaeology are essential to stimulate so-called 'big data' approaches that allow data scientists and modelers to readily compile and access published data.
stable carbon and oxygen isotope analysis of carbonates; single compound stable carbon and nitrogen isotope analysis on amino acids in collagen and keratin; and single compound stable carbon and hydrogen isotope analysis on fatty acids. The protocols are based on recommendations from the Commission on Isotopic Abundances and Atomic Weights of the International Union of Pure and Applied Chemistry (IUPAC) as well as an expanding geochemical and archaeological science experimental literature. We hope that this will provide a useful future reference for authors and reviewers engaging with the growing number of stable isotope applications and datasets in archaeology.
| INTRODUCTION
The archaeological literature has seen an exponential increase in references to stable isotopes over the last half century due to reductions in equipment and sample processing costs, an increasing number of stable isotope laboratories and archaeological science units, and proliferating knowledge of archaeological science applications ( Figure 1 ). Since some of the earliest archaeological applications in the late 1970s (e.g. 1 ), stable isotope analysis of human tissues, and of faunal and plant remains, have been used to study past diets, ecologies, and environments. More recently, stable isotope analysis of specific compounds has emerged as a more refined tool for studying ancient diet. For example, stable isotope analysis of individual amino acids isolated from bone collagen can be used to determine the proportion of marine versus terrestrial protein in the diet. 2 The application of these methods to specific sites, periods, and regions of archaeological interest is increasingly commonplace and often led by archaeologists. While this democratization is certainly of benefit to the discipline, it comes with an enhanced responsibility on the part of archaeological users and reviewers. Commonly accepted guidelines in archaeology are essential to stimulate so-called 'big data' approaches that allow data scientists and modelers to readily compile and access published data.
On the one hand, studies of pretreatment effects on stable isotope data, 3, 4 the role of diagenesis in changing isotope ratios, 5, 6 relating to the bulk stable carbon and nitrogen isotope analysis of organics; bulk stable carbon and oxygen isotope analysis of carbonates; single compound stable carbon and nitrogen isotope analysis on amino acids (AA) isolated from collagen and hair keratin, and stable carbon and hydrogen isotope analysis of fatty acids from artefacts, bone, and sediments based on IUPAC 10 recommendations and an expanding geochemical and archaeological science literature.
While some reviews have touched on a few of these themes in the context of geochemistry as a whole, 11, 12 and more recently in forensics, 13 we have written this article to directly increase information flow to archaeological science practitioners, students, and reviewers less familiar with these techniques. We hope this will ensure that archaeologists continue to make substantial contributions to cross-disciplinary advancements in mass spectrometry methods and applications.
| A NOTE ON TERMINOLOGY
Tyler Coplen 11 has previously provided a thorough discussion of stable isotope terminology in Rapid Communications in Mass Spectrometry.
However, many archaeological isotope publications use incorrect terminology, some of which has also been highlighted by Zachary
Sharp for geochemistry in general. 14 16 This is not a SI unit of measurement; it is simply a unit of comparison of the sample with a standard with an internationally recognized isotopic abundance. 11, 15 It is correct to state that an archaeological material such as bone collagen has a "stable carbon isotope composition". However, it is not possible for bone collagen to have a δ 
| ACKNOWLEDGING DIAGENESIS AND SELECTING A PRETREATMENT
The potential for variability in burial environment (e.g., humidity, pH, microbial attack, temperature and time) to alter the in vivo isotope values of bone collagen, bone bioapatite, dentine collagen, and tooth enamel bioapatite has been documented in archaeological applications since the 1980s. [17] [18] [19] [20] Furthermore, the mechanisms behind these changes, especially for tooth enamel bioapatite and bone collagen, are relatively well known. 5, 18, 21 While this has led to basic diagenetic checks that are applied in many archaeological science publications ( Diagenesis is an important problem to address. However, it is also important to note that although studies might document diagenetic alteration of isotopic ratios in certain archaeological materials and contexts (e.g.
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), this does not mean that the same materials should not be analyzed in other settings. [25] [26] [27] This has been a particular problem in stable carbon and oxygen isotope studies of tooth enamel, which have only recently begun to expand in archaeology following a period of distrust. Opinions of the utility of different materials With regard to pretreatment biases, it is important to homogenize samples before analysis by milling or grinding, particularly for composite materials. After the subsequent acid hydrolysis we recommend filtering out particles from the digest using glass fiber or inert membranes. For complex or composite samples, amino acids should be separated from other compounds in the digests via ion-exchange chromatography.
This procedure may induce isotope effects on certain amino acids as reported previously in the literature. 39 For this reason, it is recommended that each lab investigates whether their cleaning protocols have isotope effects in order to correct for these offsets.
For lipids from artefacts, bone, and sediments, the normal practice is to screen the samples with gas chromatography (GC) and gas chromatography mass spectrometry (GC/MS) to verify the compounds of interest and check for co-elution and contamination (Table 1) .
Contaminants, such as from plastic sample bags, should be reported and accounted for. Negative controls involving blank extractions and extractions of associated sediments and pottery should be routinely performed. Similarly, amino acid chromatograms should be checked for co-elution from non-proteinogenic compounds.
| SAMPLING
Problems of diagenesis and taphonomy (e.g. funeral practices)
are also the primary cause of an inevitable issue in archaeological science stable isotope applications: low or variable sample size. The nature of archaeological preservation makes it very difficult to be prescriptive in sample size necessity in different isotopic applications.
However, it is important that both the variability within a given sample (e.g. a single bone) and the variability within the population under study (e.g. a sample of the same skeletal element from a series of different individuals) are taken into account when interpretations relating to δ differences between groups are being made. Furthermore, if a confident difference is to be asserted, the sample size must be large enough for the chosen statistical test to operate effectively.
In order to determine variability within a given type of sample for a particular study we recommend a pilot study measuring at least three repeat aliquots that are extracted and pretreated separately from a single sample (e.g. a bone). The measurement standard deviation for these extracts will provide a useful evaluation of δ uncertainty resulting from burial environment, pretreatment, and natural heterogeneity in a sample. It is especially important to do this when an archaeological material is being analyzed for the first time )
. SRMs with known isotope ratios that bracket the expected isotope range should also be run for calibration purposes (e.g.
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). Ideally, multiple compounds found within the sample should be used as SRMs. Finally, internal reference compounds can also be included in each analytical run to help with calibration or precision estimation.
| QUALITY CONTROL AND QUALITY ASSURANCE
It is also important to document systematic errors, such as instrumental drift, related to the analytical accuracy of a system, as well as the relationship between the δ value measured and the true δ value of the sample. This should be assessed using check SRMs that are not used for calibration. These are treated as having 'unknown' values just like the samples ( Figure 3) . As with the calibration SRMs these should be matrix-matched to the samples. While Szpak et al 9 recommend that 10% of the total analyses should be 'check' standards and placed at regular intervals within a session, the exact proportion will depend on the accuracy required for a given application. The δ values of these check SRMs (mean ± 1σ) for each measurement session should be reported, even if only in supplementary information. 10 We recommend that these records of accuracy be kept up-to-date and used as an ongoing measure of laboratory performance that can even be publicly displayed.
We would recommend using more than one check SRM to test whether this magnitude is similar across slightly different materials. for a more realistic assessment of precision in archaeological science applications.
Precision measured through repeat analyses is not necessarily the best overall measure of uncertainty in sample δ values, however.
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A better measure is obtained by propagating errors across the whole process of sample selection, preparation, measurement, and normalization. This can be done using a 'bottom up' approach (e.g. 49, 50 ) or via a 'top down' approach. 13 Together, these criteria enable archaeological science-focused laboratories to validate their pretreatment and instrumental methods more widely, the importance of which has recently been emphasized in forensic studies. 13 Given the growing importance of data compatibility between laboratories, and over long time scales for archaeological interpretation between populations and sites, it is essential that each study and laboratory demonstrate that its methods of sample selection, pretreatment/ extraction, measurement, and calibration meet accepted criteria.
In the case of a given study, we recommend the analysis of an SRM with a known isotope δ value and treating it alongside samples to establish the degree to which treatment and measurement causes sample δ values to deviate from their 'true' value. This is particularly important in single-compound approaches. For example, in Figure 4 we show the results of δ In the case of inter-laboratory validation, inter-laboratory comparisons should be designed to take into account the points raised above relating to uncertainty arising from pretreatment, calibration, and standard use, in order to enable laboratories to critically identify the largest sources of errors during sample cleaning, extraction, and An example of intra-laboratory variability in compound-specific stable isotope measurements. Four pottery sherds were sampled by drilling and the resulting powder homogenized. Aliquoted subsamples were distributed to three different analysts at the University of York and extracted in duplicate according to established protocols. 51 Plot shows the δ Full data reporting is also essential in publications. This is, in part, because it is useful to have datasets available for comparison with existing literature, particularly given the rise of 'big data' approaches also within archaeology. 53 One of the most common oversights in this regard is the production of a mean and standard deviation plot for a given human group or faunal group as a useful, simplified graphical representation of one's data 'average' and 'spread'. Nevertheless, in some cases the corresponding data table will also only report the mean and standard deviation for that group without an additional table that includes the individual measurements or samples that comprise that group. It should be said that this is relatively rare, although often things such as associated fauna can be treated as "background data" and not reported.
A paper relying on data that is not fully provided should not make it past review. Similarly, where modern samples have been incorporated as a useful analogy, collection locations, growing conditions (for plants), and local climate or environmental data should be reported. The date of sample collection is particularly important so that the appropriate atmospheric or oceanic Suess effect can be applied. 54 If Suess effect corrections are made these need to be explicit and include appropriate uncertainties. In general, all calculation and correction stages applied to raw data should be documented in a publication and its associated tables for transparent evaluation.
Where groups are compared, full archaeological context information, and the logic behind such groupings, should be provided.
Transparent methodology is also often missing in many compound-specific isotope papers, hindering replication and application beyond select groups. Given the rapid development of these specialist approaches and the ample space available in supplementary information sections this should be remedied. There is also a growing problem of data reporting in more recently applied compound-specific approaches.
Here studies must provide the final δ value for each sample (mean and analytical standard deviation) across replicate injections or include chromatograms of representative samples.
One potential solution to these problems is a central repository for archaeological isotopic data, and calls for this have been put forward. [55] [56] [57] Central data repositories, such as GenBank, exist for the field of archaeogenetics and proteomics. 58, 59 However, it is also important to notice that applications of stable isotope data are extremely diverse and different research fields have specific data requirements. Partnership-based initiatives, such as IsoMemo, attempt to bring together multiple repositories of stable isotope data from archaeology, ecology, and environmental sciences. 60 The goals of the initiative are to coordinate data collection efforts, sharing and centralization of data, creating tools (e.g. user-friendly graphical interfaces)
for facilitating data access, building interdisciplinary projects, and establishing common data standards.
The latter includes, for instance, adoption of common terminologies and the assignment of unique codes to stable isotope labs and for reported measurements. Among IsoMemo partners are stable and radiogenic databases devoted to the storing of archaeological data from varied regions and time periods (e.g. [61] [62] [63] ) although there is still a general lack of awareness of their availability. While data collection requires the overcoming of political and data-retention concerns, it seems reasonable that for archaeological science isotope papers to be published all reported data should either be placed in a similar repository or made fully available in a table within or attached to the publication. Journals should also consider changing their requirements for table formatting in some cases, as .xls or .csv format makes for greater ease of re-use of the data than PDF forms.
| GRAPHS AND SCALING
The development of open access graphical and statistical analysis programs makes sophisticated plotting tools widely available.
However, there are several caveats to keep in mind when selecting appropriate methods for data display. First, a graph should be chosen that fits the data at hand: for normally distributed data a mean and standard deviation plot are appropriate when summarizing the dataset. Here the sigma of the standard deviation should be specified, as well as the range of the sample distribution that it describes (i.e. 68 % or 95 %) when interpretations are made. For non-normally distributed data, box plots would better summarize the data. Similarly, choices of data groupings (e.g. species, period, or stratigraphic layer) should be fully justified and considered in the text.
For example, plotting humans from one period/site and fauna from another period/site may be the only option left to the researchers, but this should be explained clearly.
There can be interpretive issues with the use of axes scales in terms of both scale length and scale divisions in bi-plots of two isotope parameters, the most common being δ It is important that all data points are displayed in graphs where possible, even if only in the supplementary information, and not just a summary representation (e.g. a boxplot or mean and standard deviation plot). This is a particularly significant problem with the growing use of ellipses to summarize archaeological δ parameters for a particular data group. These can be drawn using different methods and principles that should be clearly outlined. Furthermore, the confidence level of the ellipse should be stated. In single-compound analysis of fatty acids in archaeological pottery, for example, the archaeological data are commonly plotted against 68 % confidence ellipses of modern foods corrected for the Suess effect (e.g.
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). As can be seen in Figure 6 , a confidence ellipse of 50 % and one of 95 % can have very different relationships to the real spread of the data. This is particularly sensitive for the relatively small sample sizes that are frequent in archaeological research.
| STATISTICS: THE FINAL FRONTIER
In terms of basic reporting, summary statistics such as mean or median (or both), standard deviation or interquartile range, and range should be provided where appropriate for any group of interest. Standard deviation and standard error should be used depending on the research question or point being made. Standard deviation will demonstrate how much variation there is among individual observations in a given sample, while the standard error shows how good the estimation of the mean is. 68 As noted above, if there is concern about the homogeneity of a given sample it is also often useful to provide the δ values from multiple measurements on separate sample aliquots and provide the summary statistics for that comparison. We request that reviewers agreeing to evaluate publications involving isotope analysis familiarize themselves with these requirements, making the appropriate critique and suggestions where necessary, so as to raise the standard of science, data production, and data availability in this ever-expanding and advancing field. Compound-specific amino acid isotopic proxies for detecting freshwater resource consumption. J Arch Sci. 
